Abstract. This paper proposes a new Switched Inductor based Quadratic Boost (SLQB) converter. The theoretical study for control design is carried out in detail. Small signal dynamic analysis of the proposed topology is obtained by State-Space averaging technique to investigate the closed-loop performance of SLQB converter. Ziegler-Nichols' closed loop tuning method is adapted to design the controller and analyze the closed loop performance. The theoretically derived transfer functions divulged a perfect matching with simulation results obtained from circuit simulator, spice. The effectiveness and adaptability of the SLQB converter are confirmed with high gain DC-DC converters belonging to the SL family. The stability study is carried out by MATLAB software, and the respective graphs are obtained to analyze the open loop and closed loop performance of the derived converter.
Introduction
Recently, DC-DC converters are operating as power optimizers in Renewable Energy System (RES). In that application, it is required to increase the boosting capability of the converter. Hence, the need of novel, efficient and reliable topology of the high gain DC-DC converter is increasing day by day. DC-DC converters are also used extensively in several applications such as computers, telecommunication, automobiles, medical instruments, military and various industrial applications. In most of these applications, DC distribution system is the most important part, and it is necessary to ensure the stability of the regime for the efficient operation. Stability analysis is not only used to design the controller but also allows the researchers to precisely understand the circuit operation. Several modeling techniques are reported in the literature for the DC-DC converter operating in continuous and discontinuous conduction mode. Most commonly used modeling techniques for DC-DC converters are PWM switch modeling [1] , Current Injected Equivalent Circuit Approach (CIECA) [2] and [3] , Modeling using Mason's gain formula [4] , alternate PWM switch modeling [5] and [6] , unified topological approach [7] , signal flow graph modeling [8] and [9] and so on.
Many research works have been published in the area of stability analysis of DC-DC converter. However, certain issues are to be addressed [10] . Even though many methods are proposed for the dynamic analysis of DC-DC converter, it has been observed that StateSpace Averaging (SSA) technique is the most suitable for small signal analysis. AC and DC transfer function of a converter can be easily obtained using SSA technique. In last decade, researchers have been concentrating on deriving several topologies for getting high gain and bi-directional flow of power. For many high gain topologies, stability analysis is not carried out owing to the increase in a number of passive components.
In this work, we analyze a high gain DC-DC converter with State-Space averaging approach and results are validated by simulating the converter in circuit simulator like Pspice. Later, PI (Proportional and Integral) controller is designed for the proposed converter, and the KP and KI values are obtained by Ziegler-Nichols' tuning methods. This paper is arranged as follows: The function of the proposed converter is discussed in Sec. 2. SLQB converter is analyzed by steady-state analysis, and it is presented in Sec. 3. Section 4. describes the modeling of the converter by state space averaging approach. Section 5.
gives the design of controller with time domain analysis. The advantage of the proposed converter and simulation results are provided in Sec. 6. Finally, the paper is concluded in Sec. 7.
Nomenclature
• SL : switched inductor,
• R L : Load resistance,
• SW : Switch,
Voltage across capacitor C,
• I L1 : current through the inductor L 1 ,
• f s : Switching frequency,
vg (s) : Input to output transfer function,
: Control to output transfer function,
• HID : High-Intensity Discharge lamp.
Proposed Topology
The derived topology can be used for powering HID lamps in automobile headlights. The steady state operating voltage of this lamp is around 80-100 V. A conventional boost converter cannot boost the voltage to the required level. Hence, the high gain 
3.
Analysis of SLQB Converter
Steady State Analysis of SLQB Converter
The voltage conversion ratio of SLQB converter is obtained as follows Voltage across the inductor L 1 at ON and OFF condition is
Voltage across the inductor L 21 and L 22 at ON and OFF condition is
Combining the Eq. (1) with Eq. (2) and Eq. (3) with Eq. (4) by volt-sec principle, the following expressions are obtained.
Equation (6) gives the voltage gain of SLQB converter. Ampere-sec balance principle is applied to obtain the inductor current expression for the proposed converter. The expression for the current through the inductor is
Design of Inductor and Capacitator
Input inductor current at the CCM (Continuous Conduction Mode)/DCM (Discontinuous Conduction Mode) boundary is
Switched inductor current at the CCM/DCM boundary is
Equation (10) and Eq. (12) give the inductor design equations, and the value of inductor can be determined for various duty cycle and load resistance. The design equation for capacitors C and C O is given in the Eq. (13) and Eq. (14).
4.
State-Space Averaging Technique
The general state space representation of a system is given byẋ
Equation (15) and Eq. (16) describe the state and output equation respectively. The state space equation for SLQB converter for ON and OFF condition iṡ
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State system matrix (A), input matrix (B), output matrix(C) and feed forward matrix (D) of the converter is determined by considering the duty cycle, D.
Steady State Model
For both steady state and small signal analysis, following assumptions are taken into consideration:
• Parasitic resistance of inductor and capacitor are neglected.
• Switch on state resistance is not considered.
• Forward voltage drop of the diodes is neglected.
The steady-state model of the converter is determined by considering only DC terms. All the time domain terms are replaced by the DC terms and the differentiating term is made zero.
Equation (35) is arranged to obtain X, and it is substituted in the output equation.
All the matrices like A, B and C are substituted in Eq. (36) and solved to verify the voltage conversion ratio of SLQB converter.
By solving Eq. (37), it is verified that the Eq. (38) is same as that of Eq. (6) which is obtained from volt-sec balance principle.
Small Signal Model
By applying perturbations, the overall state and output equation of the converter is obtained Eq. (17).
The input to output voltage and duty cycle to output voltage transfer function is obtained as followṡ
Take Laplace transform for the Eq. (39)
Substitute Eq. (40) in the output equation to determine the transfer function
1) Input to Output Voltage Transfer Function
Substitute A, B and identity matrix in the equation Eq. (41) and determine input to output transfer func-
tion. d(s) is made zero to determine the v O(s)
vg(s) .
2) Duty Cycle to Output Voltage Transfer Function
Again to determine the control to output voltage transfer function v g (s) is made zero Eq. (33).
Duty cycle to output transfer function Eq. (34).
Equation (32) and Eq. (34) give the input to output transfer function and control to output transfer function respectively, and it is used to design the voltage feedback compensation.
To determine the stability of the system, following parameters are used. V g = 12 V, V o = 96 V, R L = 230 Ω, f s = 60 kHz, D = 0.558. The reason for this operating voltage for the proposed converter is that the converter is designed for xenon lamp application. The power rating of the xenon lamp for this application is around 35-40 W. 
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(a) Magnitude and phase plot obtained from Spice. The values of passive components in the converter are L 1 =17 µH, L 21 = L 22 = 135 µH, C = 7 µF and C O = 1 µF. Figure 4 (a) presents the Bode plot of SLQB converter obtained from Pspice software, and it closely matches with the Bode plot drawn from the derived transfer function which is given in Fig. 4(b) .
Step response of open loop converter from MATLAB is provided in Fig. 5(a) , and Fig. 5(b) shows the polezero map of the same. Stability and convergence rate of the system is affected by the location of the poles in the right and left half of the s-plane.
Step response of open loop system tells us that the system has the very fast response but poor stability. The transfer function is simulated in MATLAB/Simulink to prove the output voltage, and it is given in Fig. 7 .
Design of Controller and Time Domain Analysis
Ziegler-Nichols' closed loop tuning method is used to tune PI controller. An open loop system is converted to the closed system, and gain is added to the system until there is a sustained oscillation in response to the step input. Let T u be the ultimate period of the sustained oscillation and K u is the ultimate gain which causes this sustained oscillation. Table 1 gives the formula for the controller parameters in the Ziegler-Nichols' closed loop tuning method. Ziegler-Nichols' tuning PI Controller
Using this approach, PI parameters are determined, and GPI(s) is obtained.
Equation (42) is cascaded with Eq. (32) to get a closed loop system and its step response and polezero map are obtained and given in Fig. 6 .
A good perceptive of the time domain behavior of SLQB converters is accomplished. Table 2 gives the comparative study of time domain behavior of the converter between the open loop and closed condition. It Tab. 3: Comparison of SLQB converter with hybrid POEL converter [11] .
Parameter SLQB converter
Hybrid POEL converter with the basic SI cell [11] Hybrid POEL converter with the self-lift SI cell [11] Hybrid POEL converter with the double self-lift SI cell [11] Voltage gain is observed from the simulation results that the overshoot has reduced to 0 % with the PI controller. The result also shows that there is a substantial decrease in the settling time with the closed loop system. The rise time is not reduced in closed loop compared to open loop system.
Advantage of the Proposed Converter and Simulation Results
In this section, comparison is carried out with the existing converter in the literature to emphasize the advantage of the SLQB converter. The superiority of SLQB converter is proved by comparing the converter with hybrid POEL converter [11] , and it is tabulated in Tab. 3. The converter's advantage is analyzed with the same parameters used for stability analysis.
From the analysis, it is observed that to achieve 96 V output voltage from 12 V DC supply, hybrid POEL converter with primary SI cell, self-lift cell and double self-lift cell [11] that the hybrid POEL converter with basic SI cell, selflift cell, and double self-lift cell [11] suffers from a voltage stress of 117 V, 120 V, and 122 V respectively for the same input and output data. The proposed topology has a single switch with the voltage stress equal to the output voltage (96 V). Number of components in the SLQB converter is 12 which is less in comparison The voltage gain of the proposed topology is compared with the converter in [11] for different duty cycle and its graphical comparison is shown in the Fig. 10 . The voltage stress across the switch is calculated and compared. From Fig. 9 , it is observed that the SLQB converter has less voltage stress for the chosen output voltage. Figure 8 gives the simulation results obtained from the nL5 simulator. Figure 8(a) presents the output voltage and switch stress voltage. The results achieved from the nL5 matches with the theoretical results and it is tabulated in Tab. 4 with the formula. Switch current and output current is given in Fig. 8(b) . Figure 8 (c) and Fig. 8(d) show the waveform of capacitor voltages and inductor currents respectively. 
Conclusion
A complete frame of small-signal analysis for the openloop SLQB converter and the controller design is carried out. Ziegler Nicholas' closed loop tuning is adapted for adjustment of P and I parameter and it is very convenient method compared to other tuning methods. The advantages of the proposed topology are
• High gain compared to the converter taken for the comparison.
• Low voltage stress across the semiconductor devices.
Stability of the converter is analyzed by State-Space averaging technique. Time response of the closed loop system shows good results with PI controller. Simulation is performed in nL5 simulator and Matlab software. The circuit is simulated in the nL5 and it matches with the results obtained from the steadystate analysis. Time domain response is obtained in Matlab software, and it matches with the results obtained from the State-Space averaging technique. The derived transfer function is verified with the Bode plot obtained from the circuit simulator, Spice. A high gain DC-DC converter is derived, and its steady-state and dynamic analysis is carried out. Finally, the theoretical results are validated with the results from simulation software.
